Increased efficiency for ring-closing metathesis to form tetrasubstituted olefins using N-heterocyclic carbene ligated ruthenium catalysts was achieved by reducing the size of the substituents at the ortho positions of the N-bound aryl rings.
Recently, we developed a standard set of activity comparisons for olefin metathesis catalysts. 4 During this work, it was observed that diethyl dimethallylmalonate (5) is a very challenging substrate for catalysts 2 and 3 (eq 1).
In the course of our recent work on ruthenium-catalyzed enantioselective metathesis, a five-membered ring containing a tetrasubstituted olefin was unexpectedly isolated from the asymmetric ring-closing reaction of triene 7 catalyzed by complex 4 (eq 2).
5
When triene 7 was treated with achiral catalyst 3, only the trisubstituted olefin 8 was observed. However, when catalyst 4 was used, a 70:30 ratio of 8 to the tetrasubstituted olefin 9 was obtained. We hypothesized that the absence of one ortho substituent on each N-bound aryl ring of catalyst 4 resulted in the additional space necessary for formation of the more sterically demanding tetrasubstituted olefin.
It was proposed that catalysts with even less bulk at the ortho positions than the isopropyl/proton combination of 4 would be effective for the preparation of tetrasubstituted olefins. Thus, three catalysts (10-12, Figure 2 ) were prepared with reduced bulk at the ortho positions of the N-bound aryl rings. Catalyst 10 possesses fluorines at all four ortho positions. 6 Striving to place the smallest possible substituents at the ortho positions, 11 and 12 were prepared containing ortho-hydrogens at those positions.
7
To compare catalysts 10-12 to catalysts 2 and 3, the ringclosing reaction of diene 5 using these catalysts was monitored over time ( Figure 3 ). These reactions were performed under the conditions developed for standard activity comparisons (eq 1). All three of the new catalysts performed significantly better in this reaction than either 2 or 3. Catalysts 10-12 all eventually reached similar conver- sions. When the reaction temperature was increased to 60°C
, the ring-closing reactions of 5 using catalysts 10-12 reached their maximal conversions in under 24 h.
Using these conditions, catalysts 10-12 were compared to catalyst 3 for a number of substrates (Table 1) . Substrate 5 proved to be uniquely challenging for catalyst 3; for all of the other substrates, 3 performed in a more similar fashion to 10-12. None of the catalysts showed any conversion for 18 or 19, precursors to an electron-deficient tetrasubstituted olefin and a tetrasubstituted olefin in a macrocycle, respectively.
8 Substrate 17 warrants further discussion. Use of catalyst 3 gave a mixture of three compounds, with 43% conversion to the ring-closed product, 32% conversion to a rearranged byproduct, and 25% remaining starting material (17). Use of catalyst 12 resulted in complete consumption of 17, but with only 60% conversion to the ring-closed product and 40% conversion to the rearranged byproduct. Interestingly, catalyst 10 gave 43% conversion to the ringclosed product and no byproduct formation. Ruthenium hydride species formed from the decomposition of ruthenium olefin metathesis catalysts are known to catalyze the migration of olefins at 40°C in CD 2 Cl 2 .
9 Repeating the reactions using 3 and 13 with 10% 2,6-dichloroquinone added to consume any hydride formed, 10 catalyst 3 gave very poor conversion, but catalyst 12 gave 78% conversion to the ringclosed product with no byproduct formation. Overall, catalyst 12 performed as well as or better than 3 for all of the substrates.
One concern that remained was the prolonged reaction time and elevated temperature necessary for these ringclosing reactions. As can be seen in Figure 3 , the ring-closing reaction of 5 with catalyst 12 displays an induction period, illustrated by the "S"-shaped reaction profile. This induction period is even more evident in ring-closing reactions of lesshindered substrates.
11 It was thus proposed that slow initiation was the primary challenge to catalyst 12's activity and was responsible for the need for elevated temperature and prolonged reaction time.
It is well-known that the initiation rates of catalysts such as 12 can be altered by varying the ligand trans to the NHC.
12
Unfortunately, efforts to vary this position for 12 have been unsuccessful thus far; however, the unsaturated NHC analogue of 12 is able to accommodate a variety of ligands trans to the NHC (Figure 4) . Indeed, the three catalysts 20-22 show dramatically different reaction profiles ( Figure 5 ). Catalyst 20 performs the reaction more slowly than 12, as was expected because the unsaturated analogue of the parent catalyst 2 is less active (8) In reference 3f, it was reported that 17 could be ring closed in 43% yield using the variant of 3 where the NHC is unsaturated. Despite efforts to reproduce this result under conditions identical to those reported, no conversion was observed. Org. Lett., Vol. 9, No. 7, 2007 than 2. 13 Catalyst 21 displayed a dramatically enhanced rate of initiation, reaching 43% conversion in just 1 h, but this catalyst also displayed dramatically reduced stability, as the maximal conversion was only 51%. Catalyst 22 was prepared to test a rapidly initiating catalyst that lacked phosphine, and pleasingly rapid initiation and good stability were observed as 90% conversion was achieved in just 1.5 h! 14 On the basis of an unexpected result from enantioselective ring-closing metathesis, three new catalysts (10-12) were prepared with reduced bulk at the ortho positions of the N-bound aryl rings. All three catalysts performed more efficiently than known catalysts in the standard ring-closing reaction of 5 to prepare a tetrasubstituted olefin (6). A brief examination of other substrates demonstrated that catalyst 12 is the most promising of the new catalysts. Continued modification of catalyst 12 led to catalyst 22, which shows extremely promising reactivity for RCM to prepare tetrasubstituted olefins. 
